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ABSTRACT. The stable carotenoid cation radical (€arand chlorophyll cation radical (Chl") in
photosystem 1l (PS Il) have been studied by pulsed electron nuclear double resonance (ENDOR)
spectroscopy. The spectra were essentially the same for oxygen-evolving PS Il and Mn-depleted PS II.
The radicals were generated by illumination given at low temperatures, and the ENDOR spectra were
attributed to Car and Chj*+ on the basis of their characteristic behavior with temperature as demonstrated
earlier [Hanley et al. (1999Biochemistry 388189-8195]: i.e., (a) the Car alone was generated by
illumination at <20 K, while Chl** alone was generated at 200 K, and (b) warming of the sample
containing the Car to 200 K resulted in the loss of the signal attributable to*Cand its replacement

by a spectrum attributable to the GHl. A map of the hyperfine structure of Caiin PS Il and in organic
solvent was obtained. The largest observed hyperfine splitting for @aeither environment was in the

order of 8-9 MHz. Thus, the spin density on the cation is proposed to be delocalized over the carotenoid
molecule. The pulsed ENDOR spectrum of £hiwas compared to that obtained from a @Hdation in

frozen organic solvent. The hyperfine coupling constants attributed {o-gnetons at position 17 and 18

are well resolved from Chi™ in PS Il (10.8 and 14.9 MHz) but not in Clt* in organic solvent (12.5

MHz). This suggests a more defined conformation of ring 1V with respect to the rest of the tetrapyrrole
ring plane of Chi*t than Chla* probably induced by the protein matrix.

Photosystem Il (PS )catalyzes the light-driven water in turn by abstracting an electron from the Mn cluster. The
oxidation resulting in oxygen evolution. Absorption of a latter acts as an accumulator of positive charge equivalents
photon leads to a charge separation between a chlorophylland is thought to be the site for water oxidation (for reviews
species, ko, and a pheophytin molecule. The pheophytin of PS Il see refd and?2).
anion transfers the electron to a quinong, @hereas the There are several conditions known, some of them of
Pego cation is reduced by a tyrosine (Byrwhich is reduced  physiological relevance, in which the donation of Tyo
Psso™ is inhibited or retarded, allowing the highly oxidizing

t Research supported by a Deutsche Forschungsgemeinschaft granPeso” (Em ~ 1.1 V) to abstract an electron from other sources.
(DFG-Sfb472/P15 to F.M.), a European Union TMR Research Network Chlorophyll (Chk), cytochromebsss, and a carotenoid have
grant (FMRX-CT98-0214 to A.W.R), a travel grant from the ESF peen jdentified as electron donors tesd® under various
program: Biophysics of Photosynthesis (to P.F.), the CEA Saclay, and conditions 8—6). An electron-transfer pathway involving cyt

a grant from the Swiss National Science Foundation (to P.F.). .
* Corresponding author. Fax-H49) 69 798 29 404. E-mail: fm@  bssoand Ch} has been suggested to protect the PS Il against

masklin.anorg.chemie.uni-frankfurt.de. _ uncontrolled oxidative reactions of the very oxidizingd
Zoggepa”eme”t de Biologie Cellulaire et Maielaire, CNRS URA (for g review see ref). Recently, evidence has been obtained
§ Johann Wolfgang Goethe-Univeriita for the involvement of carotenoid in this pathwag),(most
L Abbreviations: Car, redox-active carotenoid; Chl, chlorophyll;Chl  likely one of the all-trang-carotenes in the reaction center.
redox-active chlorophyll in PS llEy midpoint potential at pH 7; |t was shown that the carotenoid radical (Carcan be

EDTA, ethylenediaminetetraacetic acid; EPR, electron paramagnetic s . . . .
resonance; ENDOR, electron nuclear double resonance; hfc, hyperfines'[OIChIornetrlcally generated by illumination of PS Il at 20

coupling constantAH,, the EPR line width defined as the peak to K, and furthermore, by warming to 12@00 K, an electron
peak width of the first derivative signal, MES, RHmnorpholino)- transfer from Chl takes place, resulting in reduced caro-

ethanesulfonic acid; PS Il, photosystem ll;,@he first protein-bound tenoid and Cht*. These results suggested the following
plastoquinone acting as an electron accepte;t@e second protein- )

bound plastoquinone acting as an electron accepior:Re", the Q. electron pathway: CEN — Car — Pego (8). In addition,

state magnetically coupled with the high-spin, non-heme ferrous ion; several spectroscopic studies of Cdrave been performed

Pego, the chlorophyll species that is the primary electron donor in PS (8—12).

II; Tyrz, redox-active tyrosine 161 of D1 protein which acts as a . . . . .

kinetically competent electron carrier; Fyrredox-active tyrosine 160 It is possible to characterize these radicals using low-
of D2 protein which forms a stable tyrosyl radical. temperature electron paramagnetic resonance (EPR) spec-
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experiments. A combination of ENDOR and MO calculations
(RHF-INDO/SP) have demonstrated that for bacteriochlo-
rophyll (BChl) a cations these hyperfine interactions are
however quite sensitive to the geometry and puckering of
ring IV (see Figure 1A30). It is expected that this holds
also for Chla cations. It is known that distorting the
porphyrin ring destabilizes the HOMO, causing such mol-
e/ ecules to become easier to oxidiz2,(33).

G O¢é\ b It has been recently show8)(that it is possible to generate
phytd—CO0 2 a pure Car state in near stoichiometric amounts in PS I

t with the virtual absence of Cht. In principle, this should

allow the study of Car using pulsed ENDOR spectroscopy.
The specific temperature dependence of electron transfer
from Chl, to Cart upon raising the temperature to higher
than 120 K allows the two radicals to be identified and
studied separately. Here we apply the method of pulsed
ENDOR spectroscopy to characterize the*Cand Chj*t
cations in PS II.

Ficure 1: (A) Molecular structure of chlorophyd with numbering
and of g-carotene with numbering. (B) Davies ENDOR pulse
sequence.

troscopy. However, at X-band frequencies (9 GHz) the Photosystem Il SampleBS Il membranes from spinach
resulting spectra are unresolved. EPR signals fror Gad chloroplasts were prepared according to Berthold eBd). (
Chl*+ appear quite similar, having a broad unresolved line With the modifications described in Ford and EvaBs) @nd
shape of approximately 10 G and an averggalue close were stored at 77 K until used. Mn was depleted from PS II
to the free electron value of 2.0023. Several methods existby incubating the membranes (1 mg of Chl /mL) in the
to characterize and differentiate such species. High-field EPRPresence of a freshly made solution of }@H (2 mM) at O
can be used to resolve the respectiviensors; however, it °C for 15 min in room light. The sample was then transferred
has been shown for carotenoid model systehd} for Car* into complete darkness, where the X(HH concentration was
in PS Il (14), and for a Chl cation radical in PS I18) that increased to 4 mM and incubated again for 30 min a€o
very high fields are required>10 T) and that even then not  The membranes were then precipitated by centrifugation and
all components of thg-tensor are clearly resolved. Another Washed five times in a buffer containing MgGb mM),
method for looking at the interaction of weakly coupled NaCl (10 mM), EDTA (1 mM), and MES (50 mM, pH 6.3),
magnetic nuclei or magnetic nuclei with a small gyromag- by successive resuspension and centrifugation steps in order
netic ratio ) is electron spir-echo envelope modulation to remove NHOH. The final pellet was dissolved in NaCl
(ESEEM) spectroscopy. This pulsed EPR technique has bee{15 mM), sucrose (0.3 M), and MES (50 mM, pH 6.5). All
successfully applied to such radicals in the past. The of the washing steps described above were performed in total
hyperfine parameters of Chlcations have been studied in ~darkness. In such PS Il membranes thesTigralmost totally
depth (e.g., rel6), and recently the first observation of the reduced as can be concluded from the absence of the EPR
interaction of the Car in PS Il with nitrogen atoms of its ~ signal known to originate from Tyr The number of spins
surrounding protein was reported1j. For a detailed  per PS Il for Chf"/Car* was assessed relative to the gyr
investigation of the spin density distribution within the radical Signal obtained in a similar sample by comparison of the
itself, the method of electron nuclear double resonance €cho intensities.
(ENDOR) spectroscopy can be applied (for an introduction ~ Sample PreparatiorENDOR spectroscopy was performed
see refsl7 and 18). This method resolves hyperfine (hf) on PS Il samples containing about 6 mg of Chl/mL in 4 mm
interactions between the electron spin and the nuclear spingouter diameter EPR tubes, which were filled in total darkness
of surrounding magnetic nuclei. A map of the hyperfine and frozen at 77 K. llluminationtd K was done directly in
structure of the radical in question and thus its spin density the cavity using a 100 W tungsten lamp filtered through 5
distribution is then obtained. There exists an extensive cm of water. Typical illumination times were between 15
literature on cw ENDOR spectroscopy of carotenoid radicals and 30 min. This is due to the limited light access in the
(19-23). It has been determined, in combination with MO Bruker dielectric ring ENDOR cavity. During the illumina-
calculations 19, 20) from these model systems that the spin tion the sample was rotated several times.
density is delocalized over the whole length of the polyene  Preparation of in Vitro Chl a and Car Radical&or the
chain. oxidation of Chla, a solution of Chia (1 mM) in a mixture
There is also considerable hyperfine information in the of methylene chloride (CkCl,) and tetrahydrofuran (THF)
literature on Chh cation radicals (e.g., re4—31). Nearly (10:1) was bubbled for several minutes with argon. A 10-
all of these experiments have been performed using cwfold molar excess of,lin CH.Cl, in the presence of an
ENDOR methods. Huber et al27) observed that the equimolar amount of AgCIQin acetonitrile (AcCN) was
temperature dependence of these hyperfine interactions ighen added, after which the solution was rapidly frozen in
quite different for different nuclei within the radical. The liquid nitrogen. All procedures were performed in dim light.
protons at positions 17 and 18 (see Figure 1A) are very For the carotenoid sample a solution @{carotene (10
difficult to detect at low temperatures using cw ENDOR mM) in a mixture of CHCl, and THF (10:1) was also

MATERIALS AND METHODS
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bubbled with argon for several minutes. Again the solution LA AN B N R B B R R
was then treated with a 10-fold molar excess gfid
CH,ClI; in the presence of an equimolar amount of AgglO
in acetonitrile (AcCN). The sample was then rapidly frozen
in liquid nitrogen. All solvents had been previously degassed
several times under high vacuum.

InstrumentationX-Band EPR spectra were measured on
a Bruker E-580 spectrometer using a Bruker EPR cavity
(MD5-W1) equipped with an Oxford helium flow cryostat
(CF935). The field-swept spectrum was obtained by record-
ing the amplitude of the echo as a function of the magnetic
field after a two-pulse sequencer/R—r—x/2). Pulsed
ENDOR spectra were recorded on a Bruker E-580 spec-
trometer equipped with a Bruker E-560D pulsed ENDOR
accessory, a Bruker MD5EN-W1 pulsed ENDOR probe
head a 2 kW Dressler solid-state radio frequency amplifier
(LPPA 10020 LF), and an Oxford helium cryostat (CF 935).
In a Davies ENDOR s—T,—RF pulseT,—a/2—t—a—1—
echo) (Figure 1C) experimen86), a selective microwave
7 pulse () first inverts polarization of an electron spin
transition. An RFx pulse (ge) is then applied to the Magnetic Field [T]
appropriate nuclear transition to induce sublevel polarization FiGUre 2: (A) 9 GHz field-swept EPR spectrum of the radicals
transfer. The final electron spin polarization is monitored %ZTSrﬁmiﬁ’ét'é’cvjvg‘émf%i?ﬁéﬁ i”#g;if;it(ijogbgifﬁ-sa(ﬂ%plﬁi )'oj&}rgrples
by the spm—epho Intensity generf_slted in a subsequent two- details see Materials and Methods. Experimental conditi&ms:
pulse detection sequence. Davies ENDOR spectra weresg ns:z, 280 ns; shot repetition time, 200 ms; 4 scahs: 20 K.
recorded as the RF-induced change in echo surface while

the RF frequency was swept. The valuetpiwas set o hf tensors can be directly obtained. For axially symmetric
optimize the echo inversion and the onetgfto maximize  hf tensors with small anisotropy (e.g., methyl group protons)
the ENDOR effect. A 25 us delay was included between usua"y both principa| Va]ueg\“ and A5 can eas”y be

the RF pulse and the two-pulse detection sequence to avoithptained. The spectra have been analyzed by spectral

interference from RF ringdown during the two-pulse detec- simylation using the program from Rohrer et &8)
tion sequence.

ENDOR in Frozen (Disordered) Solutiongn frozen RESULTS

solutions anisotropig and hyperfine (hf) interactions are o _

no longer averaged out, and contributions from all molecular ~NO significant difference between the ENDOR spectra of

orientations relative to the magnetic field contribute to the either chromophore, Carand Ch}*", in untreated or Mn-

EPR spectrum, which is therefore significantly broadened depleted PS Il preparations was observed. Thus, only the

due to theg- and hf-tensor anisotropy. For the NMR Mn-depleted PS Il spectra are shown.

(ENDOR) transition frequencies in carotenoid radicals the  Figure 2 shows the effect$ 6 K (dotted line) and 200 K

contributions of the relatively smadftensor anisotropy can  (solid line) illumination of Mn-depleted PS Il enriched

be neglected at X-band. The first-order NMR (ENDOR) membranes. Neither of the field-swept EPR spectra contain

frequencies in this case are given for each proton3® ( the stable tyrosyl radical, Tyt. This species is absent due
to reduction by hydroxylamine (see Materials and Methods).

vi(ENDOR)z Vﬁ + 1/4(|AA|) + v, (1Al) 1) In both samples the light-induced radicals are centered at

g ~ 2.0026, are about 9-:010.0 G wide, and amount to a

wherel is the unit vector along the fielBo, with components  yield of approximately 6680% per PS Il based on a

ly. the direction cosines @, in the reference axis system. comparison with the dark stable Fy(see Materials and

The two frequencies. andv_ are in general no longer Methods). Only a very slight difference in line width is

Field Sweep EPR [absorption, a.u.]

0,342 0,344 0,346

symmetric abouty for all orientations. However, wheBy observed, with the sample illuminated at 200 K having a
is along one of the principal axes,y,z) of A, eq 1 reduces  slightly larger line width.
to Figure 3 shows the puls€tH ENDOR spectrum of the
sample illuminated at 5 K, conditions which lead to the
v2(ENDOR)= |v, + A, 2 formation of the Car cation (A). Also shown in Figure 3 is

the spectrum obtained froftcarotene oxidized by iodine
(i = x,y,2), and the respective hf tensor principal component in frozen dichloromethane (B). In frozen solutions protons
is obtained directly from the separationiof andv_. In the from methyl groups give rise to narrow and intense ENDOR
center of the X-band (9.5 GHz) EPR spectrum all orientations lines 39). As has been previously demonstrated, methyl
of the molecules with respect 8, contribute to the EPR  hyperfine couplings (hfc's) in carotene radicals have very
intensity. Therefore, the corresponding ENDOR spectrum little anisotropy while lines fromo-protons are often
exhibits a typical powder pattern. This is obtained by broadened and not easily detected. From a simulation of the
summation over all possible orientationslah eq 1. From spectra in Figure 3, several line pairs spaced symmetrically
the turning points of the spectra the principal values of the around the free proton Larmor frequency can be determined
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LI B B E L R R L T L B B The hfc's deduced from the spectra by simulation are given
in Table 2. They agree very well with previous data from
the literature (Table 2). The hfc’s assigned to the methyl
protons at positions 2, 7, and 12 are almost identical to hfc’s
measured in this work. The smaller coupling pair (55,6

see Figure 4) results from two methyl groups while the larger
coupling pair (2,2-3,3—4,4; see Figure 4) arises from one,
as has been clearly shown from solution ENDOR studies of
the Chla™ (28) as well as from their temperature dependence
(31). The Chla'* generated in PS Il appears more complex;
however, spectral simulations using similar values for the
hfc’s from the methyl groups allow a putative assignment
(Table 2). In contrast to the in vitro Cht*, where the hfc’s

of the methyl groups at positions 2 and 7 are not resolved,
the simulation of Cht*™ in PS Il resolved three distinct
coupling pairs, assigned to the three hfc's of the methyl
groups 2, 7, and 12.

Apart from the prominent features arising from the hfc of
the methyl protons, additional features are also observed.
There are low-field resonances (at@ MHz) that have no
symmetrical partner around the proton Larmor frequency.

2 4 6 810121416 18 20 22 24 26 These are assigned in analogy to Figure 3 in Jegéld@to
ENDOR Frequency [MHz] al. (41) to 2N hyperfine interactions. The magnitude of these
Ficure 3: (A) Davies ENDOR spectrum of the PS Il sample couplings is similar to those observed for model @hi

illuminated @ 5 K and measured at 20 K (solid line) and its i i i i
simulation (dotted line). (B) Davies ENDOR spectrum (solid line) I’adICk;’:ﬂS izi but is nc_)thfurthricr m:eztlgated here. in the i
of I,-oxidized Cart in CH,Cl, recorded at 20 K and its simulation A broad feature with an hfc of about 12.5 MHz in the in

(dotted line). The line pairs belonging to proton hyperfine couplings vitro Chl a* spectrum was previously assigned to the
(hfc;ﬂ_are |<’:1bglgg (L’l%tgg anf[i arg |iSt<(%d5i80T\<':/l\5>)|e }1 %Xperi{?_enw p-protons at positions 17 and 1&4j. In contrast, the
conditions: t,, 200 nS;z, 500 NS{gr, SuS (~ » Shotrepettion  —gnectrum of Cht* in PS Il exhibits two hfc’s at 14.9 and
?g;?’ 200 ms (A) and 8 ms (B); number of scans, 310 (A) and 717 10.8 MHz, indicating that the hfc's for the protons at
positions 17 and 18 are resolved in PS II. Due to relaxation

(39) and are listed in Table 1. It is clear that the hfc's effects and also due to the fact that these protons can take

obtained for Car in PS Il and for Car* in vitro are quite up a broad distribution of orientations relative to the ring, it

similar. B-Carotene has six methyl groups but only in three Nas been previously ihown that these hfc’s are difficult to

distinct positions (see Figure 1). There was no indication detectin in vitro Chila™ at low temper?\tureQ(Y, 28). This

that the protein matrix of PS Il induces a loss of this @Ppears not to be the case for the £hin PS I, which

symmetry. Therefore, the Carspectrum in PS Il was might suggest a more locked (or defined) conformation of

simulated using only three distinct types of methyl tensors. Chlz- However, the previous experiments on in vitro @il

It is apparent that the largest hf splitting observed in either Were all performed in the cw mode. Until now, there is only

sample is of the order 0£8 MHz, which would suggest a  ON€ report of a pglsed ENDOR experiment on in vitro BChl

spin distribution which is delocalized (see Discussion). This & cations &3) which also reveals the presence of a broad

is of interest, since a localization of the hole on Caras feature_ _aSS|gned to a distribution of orientations foriHe's

been considered, when discussing the resonance Rama@! POSitions 17 and 18.

studies of Car in Dy/D, preparations X0). There is no It is clear that these assignments demonstrate that the signal

indication of any'*N hfc’s. obtained by 200 K illumination of PS II or by annealing
Figure 4A shows the pulsééi ENDOR spectrum of the after 5 K illumination is the same species and that it can be

PS Il sample illuminated at 200 K, conditions that lead to assigned to a monomeric Calcation (Chi™). The aSS|g+n-

the formation of Chi**. Also shown as spectrum B is the Ments of the hyperfine couplings to both €aand Chj*

sample which was illuminated & K and then dark-adapted have been checked by EPR simulations and agree very well

in the ENDOR cavity at 200 K for 30 min. As is clearly with the observed experimental EPR line widths.
seen, both signals are almost identical and quite different
from those observed in Figure 3, which are assigned to theDISCUSSlOI\I
Car™ species. The main differences are the presencé\of The present data demonstrate the abilityldfENDOR
hfc’s at low frequencies and in the center of the spectrum, spectroscopy to differentiate between electron donors in PS
where the relative intensity assigned to the matrix proteins ||, The X-band EPR signals arising from Car and Chl cations
is much larger for Cht™ than Car’. The known conversion  are almost indistinguishabl@), and indeed the carotenoid
from Car* to Chl"" upon incubation at 200 K corroborates  nhas remained misassigned for more than 15 years. We have
the assignment of the spectra in Figures 3 and 4 to"Car yged the illumination and temperature regime defined by
and Chy**, respectively §). Hanley et al. ) to obtain the two radicals independently
Figure 4C shows the Chl'", generated by oxidation of and have resolved theiH ENDOR spectra. The identities
Chlawith iodine in CHCI,/THF in the presence of AgCLO of the radicals are confirmed through the determination of

Davies-ENDOR Amplitude [a.u.]
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Davies ENDOR Amplitude [a.u.]

2 4 6 8 10 12 14 16 18 20 22 24 26
ENDOR Frequency [MHz]

Ficure 4: Davies ENDOR spectra of (A) PS Il illuminated at 200
K and measured at 20 K (solid line) and its simulation (dotted line).
(B) Spectrum of PS Il illuminatedt® K and subsequently incubated
at 200 K for 30 min and measured at 20 K. (C) @ht in CH,-
Cl/THF (generated by oxidation withy)l (solid line) and its
simulation (dotted line). The line pairs belonging to certain proton
hyperfine couplings (hfc’s) are labeled (1, &tc.) and are listed

in Table 2. The range in which lines associated Witk nuclei
occur is indicated in the spectrum but is not analyzed here.
Experimental conditionst,, 200 ns;z, 500 ns;tge, 9 us (~500

W); shot repetition time, 200 ms (A and B) and 100 ms (C); number
of scans, 400 (A), 221 (B), and 458 (C).

their 'H hfc’s and, in particular, thé*N hfc’'s and'H'’s at
positions 17 and 18 for the Ght. The ENDOR study

Accelerated Publications

Table 2: Methyl Proton Hyperfine Tensor Components (in MHz) of
Chlz* and Chla* in Vitro

Chlt Chla™*
molecular  tensor this this
positio? component labé&l work® refd label work® ref

12 Aax 4.4 6.8 73 44 645 6.45
Az 4,4 6.8 73 22 85 7.35
Ass 3,3 8.0 82 33 70 8.55
Aiso 7.2 76 7,6 732 7.45
7 An1 6,6 4.5 34 6,6 26 2.75
Az 6,6 4.5 34 55 38 2.75
Ass 5,5 5.7 41 6,6 2.6 3.90
Aiso 4.9 3.6 3.0 3.0
2 Aux 7,7 2.5 6,6 2.5
Az 6,6 3.8 nd 55 37 nd
Ags 7,7 2.5 6,6 2.5
Aiso 2.9 2.8 2.9 3.0
17 Aiso 2,2 108 10.8 1,1 125 10.2
18 Aiso 1,1 14.9

a See Figure 1 for positiong.See Figure 4 for label$.Taken from
ENDOR simulations §8), error + 100 kHz except positions 17 and
18, £500 kHz; nd, not determined.From ref40. ¢ From ref31.

observation by ENDOR spectroscopy of a carotenoid cation
radical in a protein.

The magnitude of the observed hyperfine couplings is quite
similar to those seen in model carotene cations studied here.
The hfc’s determined by simulation of the pulsed ENDOR
spectra of Car in PS Il and in vitro exhibit differences from
those hfc’s determined previously from in vitro Cafsee
Table 1). The most striking difference is the absence of a
13—15 MHz coupling which has previously been observed
and also calculated by RHF-INDO/SP methotig, 0). cw
ENDOR measurements, however, of a carotene cation radical
on silica—alumina solid supports were also lacking this
13—15 MHz coupling 21). This was ascribed to different
(slower) rotational motion of the g (see Figure 1) methyl
group, resulting in line broadening and therefore escaped
detection. Recent density functional theory (DFT) calcula-

performed here provides a more complete study of the tions (Dr. Fahmi Himo, Stockholm University, personal
electronic structure of these species and is indeed the firstcommunication) suggest that the spin density is delocalized

Table 1: *H Hyperfine Tensor Components (in MHz) of Cain PS Il and in Vitro

Cart/PS I Cart in vitro

molecular tensor
positior? component labél this worlké DFTH labeP this worlké refe INDOf
13,13 Aur 3,3 55 55 2.6 15.9

Az 3,3 5.0 4.4 3.8 15.9

Ass 4.4 4.5 55 2.6 17.0

Aiso 5.0 5.2 3.0 16.2 12.2/12.5
9,9 Asr 2,2 7.2 3,3 6.45 8.8

Az 2,2 7.2 1,1 8.5 8.8

Ass 2,2 7.2 2,2 7.0 9.2

Aiso 7.2 8.4 7.32 8.9 8.1/8.5
5,5 Air 55 3.3 55 2.5 2.5

Az 55 3.3 4.4 3.7 2.5

Ass 55 3.3 55 2.5 2.8

Aiso 3.3 5.4 2.9 2.6 2.2/2.3
15 (a-H) As 1,1 3.5/7.0/9.0 3.4/5.0 6,6 1.5-3.0

2 See Figure 1 for position8.See Figure 3 for label$.ENDOR simulations38), error+ 100 kHz.9 Gaussian-94, B3LYP(6-31G(d,p))//B3LYP/

3-21G (F. Himo et al., unpublished)From ref19. f From ref20.
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over the wholer-conjugated system which also includes part relative to the in vitro Chlk'*, is probably imposed by the

of the two headgroups resulting in hfcss 8—9 MHz. This protein and may be of importance for its functional role.

is in disagreement with previous INDO-type calculatiob§; ( The redox behavior of Car and its apparent function are
20). More studies are needed to resolve the exact reason fowvery different from the behavior of Car in the bacterial
these observed differences. The €dormed in PS Il might reaction center where it acts as a quencher of the bacterio-
be a useful system for this, because it can be selectivelychlorophyll triplet generated by radical pair recombination.
generated and is expected to be well isolated by the proteinin PS Il no such chlorophyll triplet quenching has been
matrix from other Car and from negative charges. Such observed, and the carotenoid is thought to act instead as a
studies are currently in progress (F. Himo, T. Maly, T. F. redox cofactor. It appears to act as a direct electron donor
Prisner, and F. MacMillan, unpublished). to Psgo™ and is reduced by the GhiThe interconversion of

H hfc’s of methyl groups give rise to the intense ENDOR the *H ENDOR spectrum characteristic of a €ato one
lines observed here in frozen solution. Ghtontains three characteristic of Cht™ reported here confirms this. The
such methyl groups while Car has six, but only in three absence of“N hfc’s after low-temperature illumination is
distinct positions for the isolated molecule (see Figure 1). clear evidence that no Giit is formed at low temperature,

By comparison of the hfc’s of Carand Chy*t in PS 11, it and the appearance of such couplings upon raising the
turns out that their values are quite similar (see Tables 1temperature is also a clear indication of the interconversion.
and 2). Nevertheless, the overall shape of the spectra is veryThe postulated delocalization of the electron spin along the
different, because the intensities and anisotropies of the linedength of the carotenoid chain is consistent with the idga (
attributed to the three methyl groups 2, 7, and 12 in,Chl  see also re#6) that the carotenoid acts as an electronic wire,
are different from the methyl groups 5/®/9, and 13/13 allowing electron transfer between cofactors that are rather
in Car™. The intense matrix peak in the Ghi spectrum distant from each other.

also suggests a different environment to that seen for"Car

and/or a more localized spin density distribution. Another ACKNOWLEDGMENT

prominent difference between the €aand Chy*t ENDOR

is the larger hfc’s which are assigned to the protons at
positions 17 and 18 in Chland the*N hf interactions that
are not detected in the Ca&rENDOR spectrum. Although
ESEEM spectroscopy has observed the coupling frdfhla
nucleus to Car (11), this has as yet not been observed in
the ENDOR spectrum. Depending on the magnitude and
anisotropy of such an interaction, ENDOR spectroscopy may REFERENCES

be less sensitive to such interactions.
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